To improve the forming performance of the deep drawing and the uniformity of wall thickness and then to improve the whole sheet quality, this paper puts the magnetic intelligent materials into the die as a force transmission medium to play a flexible back pressure role in the sheet deep drawing process, and develops a special experimental setup. The magnetic field affects the rheological properties of magnetorheological fluid (MRF) in the sheet deep drawing process, which changes the stress state and the deformation behavior. The research which takes the 304 stainless steel sheet whose thickness is 0.8 mm as an experimental object shows that, the forming performance of the sheet drawn with the MRF can be significantly improved with the increase of magnetic field intensity. Compared with conventional deep drawing, when the electric current of the coil is 2 A, the forming height limit of the sheet in the deep drawing process based on the pressure of magnetic medium increases by 26.3%, and the whole uniformity of wall thickness is improved obviously, which can effectively inhibit the possibility of the wrinkling defect in the flange. Thus, the sheet deep drawing process based on the pressure of magnetic medium is a potential research direction that may achieve the major breakthrough and progress.
Introduction
With the rapid development of aerospace, automobile manufacturing and other fields, the requirements for parts in terms of lightweight, high precision, low consumption etc. are also increasing, 1) and the sheet forming based on the pressure of flexible medium is an advanced manufacturing technology 2) that develops gradually to adapt to this demand. Flexible medium forming regards the liquid water or oil, 3) viscous medium, 4) polyurethane 5) or ball particles 6) as the force transmission medium during the sheet forming. This method is not only suitable for the forming for multi variety, large quantities and complex shape parts, but also solves some forming problems of low plastic sheet. However, because of the limit of its own characteristics, the forming method based on the hydraulic pressure inevitably exists sealing problems, 7) the poor effect of force transmission 8) and need to increase subsequent cleaning process 9) etc. series of problems.
In view of the above problems, this paper presents a new sheet deep drawing forming process that regards the MRF which is one of intelligent materials 10) as the force transmission medium, to in-depthly analyse the behavior rules of the forming performance of the deep drawing, the thickness distribution and the wrinkling behavior based on the pressure of magnetic medium under the action of magnetic field.
Research Methods

Process principle
Magnetic liquid is loaded on the sheet as the force transfer medium, which can be divided into bulging, deep drawing and the biaxial compression, three kinds of basic loading modes. What this paper studies is the forming method that the MRF instead of the traditional die plays a back pressure effect on the sheet. According to the characteristics of sheet in deep drawing process and the transformation characteristics of the MRF that can be performed under the control of the magnetic field, this paper designs and fabricates an experimental device based on the pressure of magnetic medium in deep drawing process, as shown in Fig. 1 .
As can be seen in Fig. 1 , coils are wrapped around a section of the effective distance near the end of the excitation punch, and the magnetic field generated by the energized coils can adjust the viscosity of the MRF under the sheet in the die cavity, which will have a direct effect on the deformation behavior and forming performance of the deep drawing. Another feature of this device is that sealing ring is not set up in the flange. As the particularity of the selected force transmission medium, the magnetic particles under the action of the magnetic field generates the directional arrangement in the flange can avoid the MRF in the die cavity overflowing in the part and playing the role of sealing. It also can improve the stress state of the sheet in the deformation process.
Force transmission medium
This paper uses the MRF called Tider MRF 15E as the force transmission medium and its performance parameters is shown in Table 1 . The working principle of the MRF is shown in Fig. 2 . When there is no magnetic (B = 0), the magnetic particles disperse freely in the base fluids, which is the same as the conventional liquids in the free flow state. When there is a magnetic field (B > 0), the magnetic particles attract each other under the action of the magnetic field, forming a continuous distribution oriented bridge of the magnetic particles along the magnetic lines between N and S poles, thereby enabling the state of matters changes. With the increase of the magnetic induction intensity (B), the material gradually shows a viscous state, and the arrangement of magnetic particles is steadier and steadier. At the same time, the generated shear stress is stronger. This process is nonpolar conversion, and its responses time is 0.1³1 ms. When the magnetic induction intensity is reduced to 0 (B = 0), there is no magnetic field, and the MRF again restores to the free flow state rapidly as the conventional liquid, showing that the rheological conversion process of the MRF is reversible. According to its properties of the MRF and the experimental requirements, in this paper, the current intensity is between 0 and 2 A.
Research scheme
The experiment was carried out on the SPV hydraulic working bench, and the maximum load was 500 KN. The drawing speed was 1 mm/s, and the drawing force was 33 KN. The experimental setup and the structure and size of the punch were shown in Fig. 3 . The material of the punch was selected as the DT4, playing a core role that could enhance the effect of magnetic field intensity. The unilateral gap between the punch and the inner wall of the die cavity was 2 mm.
Results and Discussion
Forming limit
The forming limit of the deep drawing was one of the important parameters to reflect the sheet forming performance. The differences of magnetic field intensity distribution under the action of the current intensity caused the changes of the MRF state, the comparison of the forming height (h) limit of the sheets was shown in Fig. 4 . The Fig. 4(a) was shown for the forming parts before cracking, the Fig. 4(b) was the comparison of the forming height limit of the sheets among the conventional deep drawing and the MRF in the conditions of the electric current were 0 A, 1 A and 2 A, respectively.
From the numerical comparison of Fig. 4 , the forming height limit of the conventional deep drawing was 28.5 mm. When the die cavity was filled with the MRF, the forming height limit of the sheets was increased slightly because of the MRF was still the initial state at this time, after the cavity was filled up, the MRF only played a flexible buffer role for the sheet in the deep drawing. When the coil was energized and the current strength was 1 A, the forming height limit was significantly increased by 12.3%. When the current strength increased to 2 A, the forming height limit of the sheets was corresponding increased by 26.3%. This was due to the magnetic particles occurred directional arrangement under the action of magnetic field, which caused the changes of normal stress and shear stress, and then improved the stress state of sheet and played a back pressure loading role to improve the forming height limit of the sheets.
Wall thickness distribution
Because of its own characteristics of the deep drawing process, after forming, the wall thickness at the bottom and the top of the forming parts respectively had the thinning and thickening trend. Therefore, the wall thickness distribution and the deformation uniformity crucially influenced the forming quality. As shown in Fig. 5 , when the deep drawing height was 20 mm under different loading conditions, the section wall thickness distribution and the comparison of the maximum rate of change were obtained by the shaft line cutting, and then took the points as shown in Fig. 5(a) .
As the wall thickness distribution of Fig. 5(a) shown, when the process was the conventional deep drawing and the MRF (0 A), the points of the minimum value of the wall thickness were all located at the fillet of the bottom of the forming parts. The point of the minimum wall thickness moved along the inner radial when the process was MRF (1 A). When the electric current was 2 A, the point of the minimum wall thickness was located at the center of the bottom. At the same time, the maximum rate of change of the wall thickness under the different conditions was seen from Fig. 5(b) . The maximum thickening rate and thinning rate respectively were 15.3%, 22.3% in conventional deep drawing. With the increase of magnetic field strength, the wall thickness difference of each part was reduced obviously. When the current density was 2 A, the maximum thickening rate and the thinning rate of the wall thickness of each section reduced to 1.6% and 9.6%, respectively.
In summary, with the increase of the current strength, the point of minimum wall thickness moved along the inner radial, and the whole wall thickness distribution of the drawing parts was more uniform. This was because that the magnetic field affected on the state of force transmission medium, and then improved the stress state and deformation coordination ability. Therefore, in a certain range of magnetic field strength, the uniform deformation ability of the sheet in the deep drawing process could be enhanced by improving the magnetic field strength.
Wrinkling behavior
This experiment set gap to blank holding. In the sheet deep drawing process, with the circumferential pressure increased, the flange would produce the warping to form the wrinkling. From the above analysis, the magnetic particles in the MRF occurred in directional arrangement under the action of magnetic field, thus it changed the stress state of the flange and had a certain effect on the wrinkling behavior. When the process was the conventional deep drawing and the MRF (2 A) respectively, the drawing displacements were 10 mm, 20 mm and 28 mm, respectively, and then the comparison of the warping height in the flange was shown in Fig. 6 . In order to further comparative analysis, 12 isometric points were taken in the three layer offset circles along each axis from the inside to the outside of the forming parts to measure their warping heights (¤), and then took their average. As can be seen from the Fig. 6 , no matter what kind of loading conditions were, with the layers and deep drawing height increased, the average warping height increased significantly, which was a common feature of the deep drawing process. But when the MRF (2 A) was regarded as the force transmission medium, the warping height in the flange significantly was lower than that in the conventional deep drawing, and near the external layer offset circles, the effect was more significant. When the drawing height reached to 28 mm, compared with the conventional deep drawing, the average warping height in the three layers offset circles from the inside to the outside reduced by 19.1%, 28.9% and 33.8%, respectively. Therefore, the MRF instead of the traditional media, in addition to the function as the sealing effect in the deep drawing process, the changes of stress state for sheet in the flange effectively suppressed the wrinkling behavior to deeply improve the quality of the sheets and the forming performance.
Conclusion
(1) This paper uses magnetic intelligent materials as the flexible force transmitting medium in the deep drawing, which improves the stress state of forming sheet in the forming process, and thus has played a double effect of backpressure and sealing in the flange in the deep drawing process to realize a quantitative controllable accurate loading for the required parts. (2) When compared with the experiment results of the conventional deep drawing, with the increase of magnetic field strength, both the forming limit and the whole wall thickness uniformity based on the pressure of magnetic medium are improved. At the same time, the possibility of producing excessive warping height in the flange parts is effectively inhibited. (3) Under the control of the magnetic field, the MRF has a series of mutual conversion physical state. The MRF as a force transmission medium in the deep drawing exhibits stronger nonlinear characteristics and the aspects of mechanical mechanism and deformation mechanism etc. remain to be further in-depth studied.
